In senescent petals of Ipomoea nil , we investigated the expression of genes showing homology to genes involved in animal programmed cell death (PCD). Three encoded proteins were homologous to apoptotic proteins in animals: Bax inhibitor-1 (BI-1), a vacuolar processing enzyme (VPE; homologous to caspases) and a monodehydroascorbate reductase [MDAR; homologous to apoptosis-inducing factor (AIF)]. AIFs harbor an oxidoreductase domain and an apoptotic domain. MDARs exhibit homology to the AIF oxidoreductase domain, not to the apoptotic domain. The three other genes studied relate to autophagy. They encode homologs to vacuolar protein sorting 34 (VPS34) and to the Arabidopsis autophagy-related proteins 4b and 8a (ATG4b and ATG8a). The transcript abundance of MDAR decreased continuously, whereas that of the other genes studies exhibited a transient increase, except ATG4b whose abundance stayed high after an increase. Treatment with ethylene advanced the time to visible petal senescence, and hastened the changes in expression of each of the genes studied. In order to assess the role of VPS34 in petal senescence, we studied the effect of its inhibitor 3-methyladenine (3-MA). 3-MA reduced the time to visible petal senescence, and also accelerated the time to DNA degradation. Remarkably, 3-MA increased the time to nuclear fragmentation, indicating that the time to visible petal senescence was independent of nuclear fragmentation. The data on 3-MA might suggest the idea that autophagy is not a cause of PCD, but part of the remobilization process.
Introduction
According to our present insights, the early steps towards programmed cell death (PCD) in animal and plant cells have only a few proteins in common ( Reape and McCabe 2008 ) . In plants, relatively little is known about expression of the genes that encode these proteins and about their function. Here, we studied the expression of some of these genes in senescent petals of Ipomoea nil . Three genes relate to macroautophagy. Of these, two encode homologs to Arabidopsis autophagy-related proteins 4b and 8a (ATG4b and ATG8a) and the third encodes vacuolar protein sorting 34 (VPS34). The other genes studied encode a caspase-like vacuolar processing enzyme-3 (VPE3), Bax-inhibitor 1 (BI-1) and a homolog of the animal apoptosis-inducing factor (AIF).
Petal senescence in I . nil petals starts before the fl owers open. A few mesophyll cells show ultrastructural features of senescence when the petals are still in their elongation phase, *Corresponding author: E-mail, teyamada@cc.tuat.ac.jp ; Fax, +81-41-3675733 .
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prior to fl ower opening. The fl owers always open in the early morning. By 10:00 h a few mesophyll cells show an advanced stage of senescence, and by 17:00 h many mesophyll cells are dead. The epidermis cells show similar senescence stages, although >12 h later than the mesophyll cells ( Winkenbach 1970a , Winkenbach 1970b .
Autophagy is associated with plant senescence, as a main mechanism of degradation and remobilization of macromolecules ( Matile 1997 , van Doorn and Woltering 2005 ) . Autophagy involves the transfer of membranes and organelles to the vacuole, where degradation occurs. Microautophagy is characterized by the formation of cytoplasmic invaginations into the vacuole which become vesicles that move into the vacuole. Macro-autophagy entails the formation of double membrane vesicles in the cytoplasm. These vesicles dock onto the vacuolar membrane and transfer their contents into the vacuole .
It is still a matter of debate whether the increase in macroautophagy during PCD is the cause of cellular death, or, conversely, a mechanism that delays cellular death. Results on macro-autophagy in animal cells seem confl icting ( Gozuacik and Kimchi 2006 , Cao and Klionsky 2007 , Maiuri et al. 2007 ). In some systems, evidence was found for macro-autophagy as an aid to cell survival rather than a cause of cell death. In other systems, however, macro-autophagy was apparently part of the cause of cellular death ( Aki et al. 2003 , Levine and Yuan 2005 , Bassham 2007 , Verheye et al. 2007 ).
The Arabidopsis genome has several homologs to the well-studied yeast autophagy genes. The Arabidopsis genes are called ATG (also called APG ) 1-18. There are three isoforms of ATG1 (a-c), two in ATG4 , nine in ATG8 (a-i) and two in ATG12 , ATG13 and ATG18 ( Hanaoka et al. 2002 . Gene knockout (T-DNA insertion) of Arabidopsis ATG4a + ATG4b , ATG5 , ATG7 , ATG9 or ATG18a resulted in acceleration of leaf yellowing, during both normal development and nutrient starvation ( Doelling et al. 2002 , Hanaoka et al. 2002 , Yoshimoto et al. 2004 , Xiong et al. 2005 . This suggested that macroautophagy serves cell survival during leaf senescence, rather than being a cause of death. However, these data do not seem to be conclusive. They pertain to experiments with plants in which ATG genes were silenced under a general promoter, not a PCD-specifi c promoter. The T-DNA insertion lines of some ATG genes had a smaller root system ( Yoshimoto et al. 2004 ) . The effect of the ATG genes on leaf yellowing might therefore be pleiotropic rather than direct ( van Doorn and Woltering 2008 ) .
VPS34 is a class III phosphatidylinositol 3-kinase (PI3K) required for autophagy. It forms a complex with one other VPS protein and two ATGs. This complex recruits various autophagy-related proteins to the pre-autophagosomal structure, and thus is involved in the very early stages of autophagosome formation Meijer 2005 , Misushima 2007 ) . ATG4 is part of a conjugation pathway that initiates autophagy. One ATG4 binds to ATG8, which subsequently leads to the conjugation of ATG8 with phosphatidylethanolamine, which is required for the proper localization of ATG8 to the pre-autophagosomal structure. The subsequent removal of phosphatidylethanolamine from ATG8 is also carried out by an ATG4 ( Yoshimoto et al. 2004 , Yorimitsu and Klionsky 2005 , Inoue et al. 2006 .
Caspases are important regulators of PCD in animal systems. Plants do not contain true caspases, but do have enzymes with caspase-like activity. Among these are vacuolar processing enzymes (VPEs). Although there is limited overall sequence identity between VPEs and caspase-1, they share several structural properties. VPE1 (VPE α ) is involved in developmental cell death during tissue differentiation ( Kinoshita et al. 1999 ) , and VPE4 (VPE δ ) is required for developmental death in seed coat cells ( Nakaune et al. 2005 ) . Genes encoding VPE2 (VPE β ; Kinoshita et al. 1999 ) and VPE3 (VPE γ ; Rojo et al. 2003 ) become expressed during leaf senescence, but it is not yet known if this is required for PCD. Both VPE2 and VPE3 were associated with PCD that is induced by the fungus Botrytis ( van Baarlen et al. 2007 ). VPE3 was also involved in the execution of PCD induced by the bacterium Pseudomonas syringae or the turnip mosaic virus ( Rojo et al. 2004 ) . VPEs, therefore, seem to be important regulators of developmental and pathogen-induced PCD in plants.
In animal cells, pro-and antiapoptotic members of the B-cell lymphoma protein 2 (Bcl-2) family produce the release, through the outer mitochondrial membrane, of PCDregulating mitochondrial proteins. Bcl-2 family proteins are also located in the endoplasmic reticulum (ER) membrane where they affect the release of Ca 2+ ions and the consequent Ca 2+ -induced apoptosis ( Bassik et al. 2004 ). Bcl-2-associated X protein (Bax) is one of the pro-apoptotic proteins of this family. BI-1 is an antagonist of Bax, and thus is an antiapoptotic protein. Thus far no members of the Bcl-2 family have been found in plants, but plants do contain a homolog of BI-1. Silencing of this plant gene accelerated PCD in suspension-cultured tobacco cells subjected to carbon starvation ( Watanabe and Lam 2006 ) , suggesting that BI-1 can function as an anti-PCD protein in plants. Interestingly, BI-1 has been localized to the ER in plants, and has been associated with Ca 2+ release from the ER ( Bolduc 2007 , Watanabe and Lam 2008 ) .
AIFs are a group of proteins involved in the initiation of apoptosis in animal cells. Mammalian cells contain three high molecular weight AIFs. Apoptosis-inducing factor, mitochondrion-associated, 1 (AIFM1) is the current name of the fi rst identifi ed, canonical, AIF. It has been localized to mitochondria and the nucleus. During the early stages of apoptosis (part of) it becomes released from mitochondria. AIFM1 apparently has two apoptotic functions, one is caspase-independent cleavage of nuclear DNA into large units (50 kb), and the other is activation of caspases in the cytosol. AIFM2 (previously designated AIF-homologous mitochondrion-associated inducer of death; AMID) is localized to the cytoplasma and the cytoplasmic side of various organelles, mainly the Golgi. Its function is currently unknown. AIFM3 (also designated AIF-like; AIFL) is localized to the mitochondria. It results in cytochrome c release from the mitochondria to the cytosol, which produces activation of caspase 3 ( Xie et al. 2005 , Mei et al. 2006 , Vařecha et al. 2007 .
Treatment of Ipomoea fl owers with ethylene resulted in earlier inward rolling of the petals and an earlier increase in RNase activity, compared with controls ( Kende and Baumgartner 1974 ) , indicating hastening of PCD/senescence. Treatment with ethylene can therefore be used to correlate the time to petal senescence with the expression profi le of petal homologs to animal PCD genes.
Here, we describe the expression pattern of the abovementioned genes both during normal petal senescence and after hastening of senescence by ethylene. The gene expression patterns were correlated with a number of senescence parameters such as DNA degradation. Since it was observed that VPS34 was differentially expressed, we tested the effect of 3-methyladenine (3-MA) on the time to petal senescence. 3-MA is an inhibitor of autophagy, through inhibition of VPS34 ( Petiot et al. 2000 ) . The effect of 3-MA might shed some light on the question of whether autophagy during petal senescence is a mechanism that causes cellular death or rather a mechanism that delays it.
Results

Visible PCD symptoms; effects of ethylene
Flower buds were cut and placed in water in the evening before the lights went off at 20:00 h. The fl owers opened during the early morning and were almost fully open by the onset of the light period (8:00 h), which was designated time 0 ( t = 0 h). Fig. 1 shows that at t = 0 h the petal color is red/ blue, and by t = 2 h it is blue. The color then rapidly changed to red ( t = 4 h), then to violet ( t = 10 h) and fi nally to pink ( Fig. 1 ) . The color change to violet coincided with inward rolling of the petals. Inward rolling was clear by t = 11-12 h ( Fig. 2a ) . Ethylene treatment (1 µ l l -1 continuously) had relatively little effect on petal color. The color reached by t = 6 h in the controls was similar to that at t = 4 h during ethylene treatment. Hue angle measurements, nonetheless, showed a 5-6 h earlier change during ethylene treatment ( Fig. 2b ). Exposure to ethylene considerably hastened inward rolling of the petals. Inrolling which was comparable with that of controls at 11-12 h was found by t = 5 h ( Figs. 1 , 2a ).
DNA degradation observed on gels and by fl ow cytometry
Breakdown of DNA was observed using agarose gel analysis. Our previous experiments showed that DNA degradation, as shown on gels, started just before t = 12 h and was high at t = 24 h . We now sampled at t = 12 and 24 h and similarly found large-scale DNA degradation by t = 24 h ( Fig. 3 ). After treatment with ethylene, DNA breakdown was advanced, showing at t = 12 h a pattern that was similar to that of controls at t = 24 h ( Fig. 3 ) . In animal cells, The diameter of the ethylene-treated fl ower at t = 0 h is smaller than that in the control; this is due to the natural variation in fl ower diameter. nuclear DNA is often degraded in two phases. Initially, degradation occurs into high molecular weight (50,000-200,000 bp) fragments. Later on, degradation takes place to fragments that are multiples of 180 bp. On agarose gels these multiples of 180 bp are found to form the spokes of a 'ladder'. In petals of Ipomoea and several other species such a ladder is rarely found ( van Doorn and Woltering 2008 ) . In the present experiments, we again found a continuous 'smear', representing DNA degraded into fragments of various lengths, and no ladder ( Fig. 3 ) . Flow cytometry was carried out to assess the amount of DNA per nucleus or DNA mass. The nuclei were stained with the fl orescent 4 ′ ,6-diamino-2-phenylindole (DAPI). In previous experiments, the number of DNA masses with decreased DNA fl uorescence had signifi cantly increased by t = 18 h . When fl owers were placed in 1 µ l l -1 ethylene this increase had already started by t = 8 h ( Fig. 2c ).
Gene identifi cation and expression
We used proteins in animals or yeast (which also have animal counterparts) to identify homologs in Arabidopsis . We then compared the nucleotide sequence of the Arabidopsis genes to identify homologs in the expressed sequence tag (EST) database of Ipomoea ( Table 1A ). The Ipomoea database contained a number of homologs of genes known to be involved in autophagic PCD or apoptotic PCD in animals, as well as a gene encoding a VPE ( Table 1A ).
The Arabidopsis protein that was homologous to the AIF in animals is a monodehydroascorbate reductase (MDAR). The translated Ipomoea MDAR partial sequence, when compared with translated Arabidopsis sequences, showed the highest homology with AtMDAR1 (At3g52880; e-value 5e-83), but also exhibited high homology with AtMDAR2 (At5g03630; 3e-82) and AtMDAR3 (At3g09940; 3e-77).
A comparison of VPE sequences in tobacco, Arabidopsis and Ipomoea showed that the Ipomoea sequence had highest homology with a VPE3 ( Table 1A ). The identifi ed PI3K , in both Ipomoea and Arabidopsis , showed higher homology to class 3 PI3K in animal cells than to other types of animal PI3K ( Table 1A ) . Additionally, Table 1B shows a direct comparison between Ipomoea translated protein sequences and the sequences in Arabidopsis and other organisms. 70 liter chambers containing air (control) or 1 µ l l -1 ethylene, continuously. Inward rolling of the petals (a), a petal color change (b) and number of DNA masses in petals with decreased DNA fl uorescence (c) were detected as in a previous report . Values are means of three separate experiments using fi ve fl owers each.
continuous down-regulation during this period. Ethylene treatment accelerated the down-regulation. The other genes studied were initially up-regulated then down-regulated, except the plant ATG4 homolog, which was up-regulated and then remained highly expressed. The up-regulation of most of these genes was halted by ethylene treatment, which also resulted in earlier down-regulation. ATG4 was again an exception, as ethylene treatment increased mRNA abundance at t = 4 h, after which the gene was down-regulated to levels below those in controls ( Fig. 4 ) .
Comparison of homologous areas in MDAR and AIF sequences
The fi rst discovered AIF, now called AIFM1, contains a mitochondrion localization sequence at the N-terminal end, followed by a part with unknown function, by a Pyr_redox_2 oxidoreductase domain, a nuclear localization sequence and a C-terminal domain ( Delettre et al. 2006 ) . Searching The Arabidopsis Information Resource (TAIR) database with a human AIFM1 as bait resulted in homologous genes AtMDAR4 (AT3G27820) and AtMDAR3 (AT3G09940.1). Results for AtMDAR4 were: score 103 bits (258), expect = 4e-22; and for AtMDAR3 : score 96.3 bits (238), expect = 9e-20. The part of AIFM1 that showed homology with AtMDAR4 comprised the amino acids 161-465. This corresponded to the amino acids 36-324 of AtMDAR4 ( Fig. 5 ). AtMDAR4 has a Pyr_ redox_2 domain at amino acids 30-301 [National Center for Biotechnology Information (NCBI), Entrez Gene]. The area of homology thus overlaps the oxidoreductase domain of both proteins ( Fig. 5 ). The C-terminal domain of AIFM1 is the proapoptotic domain ( Delettre et al. 2006 ) . None of the other fi ve Arabidopsis MDAR proteins contains this domain (results not shown).
We compared the C-terminal domain of AIFM1 with sequences in the Arabidopsis genome database. Signifi cant homology was found with three Arabidopsis protein sequences: a poly(ADP-ribose) polymerase (PARP), an unknown protein and SNOWY COTYLEDON-1 ( Table 2 ).
Effects of 3-MA
Treatment with 25 mM 3-MA hastened the increase in hue angle, although somewhat later and less than during continuous treatment with 1 µ l l -1 ethylene ( Fig. 6a ) . The time to petal inward rolling was also hastened by 3-MA. The effect was large at 25 mM and was saturated at about 50 mM ( Fig. 6b ) . The degradation of DNA as observed on agarose gels was accelerated by the 3-MA treatment, similar to the effect of continuous treatment with 1 µ l l -1 ethylene ( Fig. 3 ) . In contrast, the increase in the number of DNA masses with a lower DNA content was delayed by the 3-MA treatment ( Fig. 6c ) . Fig. 3 Effect of continuous treatment with 1 µ l l -1 ethylene or 25 mM 3-methyladenine (3-MA, an inhibitor of autophagy) on DNA degradation in the petals of Ipomoea nil . A 3 µ g aliquot of total DNA was extracted from the petals, then electrophoresed in a 3% agarose gel and stained with ethidium bromide. Two biological replications were performed using three separate fl owers each. M = 100 bp DNA ladder marker. 
Discussion
The present data show the expression profi les, during Ipomoea petal senescence, of six genes showing considerable homology with genes that are associated with PCD in animal cells. All genes studied showed differential expression during the period of study. Ethylene treatment resulted in hastening of the expression patterns. Early work already established a relationship between cell death and the visible senescence symptoms, in Ipomoea fl owers. Cell death fi rst occurred in the mesophyll, then in the epidermis. A few dead mesophyll cells were found by t = 2 h, whilst numerous mesophyll cells were dead by t = 10 h. At t = 15 h a few dead cells were noted in the epidermis ( Winkenbach 1970b ) .
The relationship between the terms 'senescence' and 'developmental PCD' is still a matter of debate (Thomas et al. 2002, van Doorn and Woltering 2004 ) . The term 'senescence' traditionally refers to the visible changes in an organ. Microscopic studies show that the cells in senescent organs die, and physiological investigations show that this is under the control of genes and metabolism, hence programmed. Although it is theoretically possible to distinguish PCD from senescence, we do not know where to draw the line since the PCD process is far from being fully understood. Senescence is characterized by large-scale remobilization of nutrients and energy, and translocation of the mobile compounds to sink tissues. Macro-autophagy seems essential for this remobilization. Whether or not remobilization, by autophagy or other means, is the cause of cell death is as yet unresolved. It is possible that a large part of remobilization occurs without a consequence for cell death, as yellow leaves can regreen and then live for a long time ( Thomas et al. 2003 ) , but this does not exclude the possibility that extended remobilization causes the cell to die.
Leaf senescence has been studied in more detail than petal senescence. It seems more complex than petal senescence as leaves contain much higher levels of protein, most (Table 2) is shown with gray highlight. An 'asterisk' indicates that the residues or nucleotides in that column are identical in all sequences in the alignment; a 'comma' indicates that conserved substitutions have been observed; a 'period' indicates that semi-conserved substitutions are observed.
of which is localized in chloroplasts ( Inada et al. 1999 , Matile 2000 . Nonetheless, petal cells often contain plastids that contain no chlorophyll but have an internal membrane structure ( Smith et al. 1982 , S. Ketsa and W. G. van Doorn, unpublished data). Apart from the chloroplast/plastid difference, there seems no reason to assume that petal senescence/developmental PCD is different from leaf senescence/developmental PCD. This follows, for example, from the overlap in gene expression data in leaves ( BuchananWollaston et al. 2003 ) and petals ( van Doorn and Woltering 2008 ) . During leaf senescence at least one of the genes here studied-ATG8a -was up-regulated ( Buchanan-Wollaston et al. 2003 ) .
Thus far, the idea that macro-autophagy is up-regulated during petal senescence derives from ultrastructural analysis ( Smith et al. 1982 , Matile 1997 . For example, in cells of senescent Ipomoea petals, an increase in macro-autophagy follows from the presence of numerous vesicles both in the cytoplasm and in the vacuoles ( Matile 1997 ). It has not yet been shown that petal senescence is associated with an increase in the expression of genes related to macroautophagy. Increased transcript levels of homologs to Arabidopsis ATG4b and ATG8a were now found, as well as increased transcript levels of the VPS34 homolog. This suggests that the increase in macro-autophagy is at least partially regulated at the level of transcription. Yoshimoto et al. (2004) showed similarity between the up-regulation in eight of the nine ATG8 genes in Arabidopsis leaves during nitrogen starvation. The increase in gene expression was correlated with an increase in macro-autophagy. The exception was ATG8f , where the increase in transcript abundance occurred later and lasted to a later point in time. Three isoforms of ATG8, fused with green fl uorescent protein, were found to be good molecular markers for macro-autophagy in Arabidopsis , which suggests a coordinated increase in protein levels. ATG4a and ATG4b were also up-regulated in response to nitrogen starvation, showing an expression profi le which was similar to that of most ATG8 genes ( Yoshimoto et al. 2004 ) . These data might be taken to support the idea that the increase in transcript abundance of the Ipomoea homologs of Arabidopsis ATG4b and ATG8a are causally related with the senescence-associated increase in macro-autophagy.
The EST of the Ipomoea VPE gene showed higher homology to Arabidopsis VPE3 than to other Arabidopsis VPE genes. In Arabidopsis , genes encoding VPE1 and VPE3 were up-regulated in association with PCD. A gene encoding VPE1 was expressed in vascular tissue and cortex cells undergoing PCD. Genes encoding VPE1 and VPE3 were up-regulated in senescent leaves ( Kinoshita et al. 1999 ). The expression of Ipomoea VPE3 in petals, therefore, might be functionally homologous to that of the up-regulated VPE3 in senescent Arabidopsis leaves.
VPEs are synthesized as large precursors and transferred to the vacuole, where they are converted into their mature form. The VPEs then apparently convert other proteins into mature forms. The mature proteins, mostly hydrolases, are involved in degradation processes within the vacuole. Some If the amino acids 471-613 or 481-613 of AIFM1 (NP_004199) was used to blast the TAIR protein database, the sequences that produced signifi cant alignments were PARP and an unknown protein. If the amino acids 491-613 or 501-613 of this AIFM1 were used, the sequences that produced signifi cant alignments were PARP and SNOWY COTYLEDON1. The alignments show a common sequence, in bold (this sequence is also shown in AIFM1, Fig. 5 ).
of these hydrolases have been suggested to be causally involved in the tonoplast rupture during PCD that was induced by a pathogen ( Hatsugai et al. 2004 ) . During carnation petal senescence, an EST (accession DT214767) was upregulated which showed high homology to an Arabidopsis VPE3 (accession NP_195020; BAA18924; Hoeberichts et al. 2007 ). Thus far, only VPE1 and VPE4 have been found to be required for timely cell death during developmental PCD, but the up-regulation of a gene encoding VPE3 during leaf senescence (see Introduction) and a gene encoding a VPE3-like protein during Ipomoea and carnation petal senescence is suggestive of a function in senescence as well.
Similarly, the function of BI-1 in developmental plant PCD has not been fully elucidated. Plants do not have Bcl-2 proteins such as Bax, but expression of animal Bax , encoding a pro-apoptotic protein, in Arabidopsis led to early cell death in leaves. This effect was prevented by overexpression of Arabidopsis BI-1 ( Kawai- Yamada et al. 2001 , Kawanabe et al. 2006 ). Thus BI-1 protected the cells from early death. The present data showing a transient increase in the expression of BI-1 during developmental senescence might suggest the hypothesis that it also prevents precocious cell death in senescing Ipomoea petals.
Recent work has further probed the possible function of BI-1. Plant BI-1 was found to be localized in the ER membrane ( Ihara-Ohori et al. 2007 , Watanabe and Lam 2008 ) . In tobacco suspension cells, PCD can be induced by relatively high levels of cytokinins. BI-1 protein levels increased following treatments with cytokinins at concentrations that induced only a stress response (not death), but did not increase after treatment with PCD-inducing cytokinin concentrations. Application of cytokinins was accompanied by a rapid cytosolic Ca 2+ pulse, and inhibition of this pulse with La 3+ partially restored viability, indicating a signaling role for Ca 2+ in cytokinin-induced PCD ( Bolduc et al. 2007 ) . A connection between BI-1, proper protein folding in the ER, and cell death due to release of Ca 2+ from the ER has also been suggested in experiments with Arabidopsis ( Watanabe and Lam 2008 ) . Additional evidence for a relationaship between BI-1, PCD and Ca 2+ release follows from the failure of Arabidopsis BI-1 to rescue yeast mutants lacking the Ca 2+ ATPases (Pmr1 or Spf1) from Bax-induced cell death. Pmr1 and Spf1, localized at the inner ER membrane, are believed to be involved in transmembrane movement of Ca 2+ . Furthermore, after treatment with hydrogen peroxide, at levels the number of DNA masses with reduced DAPI fl uorescence, in excised fl owers of Ipomoea nil . The petal hue angle (a), inward rolling (b) and the number of DNA masses (c) were detected as in a previous report .When not specifi ed, 3-MA was applied at 25 mM. For comparison, some data on the effects of continuous 1 µ l l -1 ethylene, applied in the same experiment, are given. Values are means of three separate experiments using fi ve fl owers each.
that induce PCD, plant cells exhibited a rise in cytosolic Ca 2+ . BI-1 overexpression reduced this increase in Ca 2+ levels, and the same was found after inhibition of ER Ca 2+ ATPase ( Ihara-Ohori et al. 2007 ) . Taken together, these results suggest that BI-1, located in the ER, prevents the PCD-associated release of calcium ions from the ER. MDAR (EC 1.6.5.4) converts oxidized ascorbate to the reduced form. Fatty acid catabolism in peroxisomes produces hydrogen peroxide which is detoxifi ed by the ascorbate/ glutathione antioxidant system. Peroxisome MDAR is required for ascorbic acid regeneration and is thus essential for maintaining a reduced pool of ascorbic acid ( Eltayeb et al. 2007 , Yabuta et al. 2007 . A similar function in antioxidant defense might be postulated for the other MDAR proteins. Five genes encoding MDARs have been identifi ed in the Arabidopsis genome, one of which transcribes two different proteins. AtMDAR1 and AtMDAR4 are localized in peroxisomes, whilst AtMDAR2 and AtMDAR3 are in the cytosol, MDAR5 is found in mitochondria and MDAR6 is in the chloroplasts ( Lisenbee et al. 2005 ) . The Ipomoea MDAR EST, when compared with Arabidopsis sequences, showed the highest homology with AtMDAR1 , but homology was also high with AtMDAR2 and AtMDAR3 . Overexpression of AtMDAR1 in Arabidopsis resulted in higher ascorbate levels and lower hydrogen peroxide levels ( Eltayeb et al. 2007 ) , suggesting a functional role in antioxidant defense.
The amino acid sequences of AtMDARs show considerable homology with that of animal AIFs, which contain a Pyr_redox_2 oxidoreductase motif, also found in MDAR. At least one of the AIFs, AIFM1, acts as a free radical scavenger ( Klein et al. 2002 ) and was apparently required for the maintenance of an adequate pool of glutathione levels under stress conditions ( Candé et al. 2004 ). The discovery of short AIF (AIFsh) in animal cells ( Delettre et al. 2006 ) might shed some further light on the role of MDAR in petal senescence/ PCD. AIFsh is transcribed from an alternative start site towards the end of AIFM1 (encoding the C-terminal end of the AIFM1 protein). Overexpression of AIFsh in human cells resulted in fragmentation of nuclear DNA into units of approximately 50 kb. The N-terminal end of AIFM1, which harbors the oxidoreductase domain, was not required for this apoptotic-like activity. As an example of the Arabidopsis MDARs, MDAR4 showed high homology between amino acids 36-324 and the amino acids 161-465 of human AIFM1 ( Fig. 5 ). This area of homology corresponds rather closely to the Pyr_redox_2 oxidoreductase domain in both proteins. Thus AtMDAR4 does not exhibit homology with the C-terminal AIFM1 domain that has an apoptotic function. The same was found with the other Arabidopsis MDARs. This suggests that higher plant MDARs have no function in PCD similar to that of AIF. Nonetheless, since MDAR is required for the maintenance of adequate ascorbic acid pools, the down-regulation of the MDAR gene in Ipomoea might have consequences for PCD. Several of the remobilization processes during senescence, for example β -oxidation of fatty acids in peroxisomes, yield reactive oxygen species (ROS) including hydrogen peroxide. Ascorbic acid is important in ROS detoxifi cation, and therefore may be connected to PCD. Early cell death in pears, for example, was closely associated with a low ascorbate level in the cells ( Veltman et al. 1999 ) . It remains to be established if the decrease of the MDAR transcript during Ipomoea petal senescence is in any way connected to the onset of cellular demise.
Although MDAR does not show homology with the apoptotic C-terminal domain of AIFM1, three Arabidopsis sequences do exhibit such homology, one being an unidentifi ed protein ( Table 2 ). SNOWY COTYLEDON 1 is identical to chloroplast elongation factor G, which is essential for chloroplast development ( Albrecht et al. 2006 , Ruppel and Hangarter 2007 ) , but a role in PCD is not known. The nuclear localized PARP is important for repair of DNA damage and maintenance of genomic integrity. If animal cells undergo PCD, the function of PARP becomes reversed. The 113 kDa animal PARP1 is cleaved, by caspase 3, into a 85 and a 24 kDa fragment. Cleaved PARP1 facilitates the accessibility of nuclear chromatin to endonucleases , Elmore 2007 ). This is reminiscent of the mode of action of AIFM1 ( Ye et al. 2002 , Galluzzi et al. 2006 . Plant PARP has also been shown to be causally involved in PCD ( Korthout et al. 2000 ) .
Treatment with 3-MA accelerated the time to visual senescence symptoms in Ipomoea petals. Since the senescence symptoms are closely correlated with PCD parameters , the data indicate that 3-MA accelerated cellular death. In animal cells, 3-MA is a potent inhibitor of VPS34, resulting in the almost complete inhibition of the formation of new autophagic lysosomes. 3-MA also inhibited the formation of autophagic structures during normal growth of cells in Arabidopsis roots ( Inoue et al. 2006 ) . If 3-MA would act specifi cally on VPS34, the present data are not counter to the idea that macroautophagy during Ipomoea petal senescence is not the cause of cell death, but rather causes a delay of death. However, the available data do not exclude that 3-MA also acts on enzymes other than VPS34. Thus the idea of macro-autophagy causing a delay of death rather than being its cause requires independent confi rmation.
In Ipomoea petals, 3-MA treatment accelerated the time to DNA degradation, as observed on agarose gels. This is to be expected as in most plant cells that undergo developmental PCD, the onset of DNA degradation was correlated with the time to visible senescence ( van Doorn and Woltering 2008 ). However, quite unexpectedly, 3-MA did not accelerate but inhibited the decrease in DNA content in DNA masses, as observed by fl ow cytometry. The cytometry method determines the fl uorescence of DAPI-stained DNA, which is a good measure of the amount of DNA. The cytometry data are usually shown as a histogram depicting the number of DAPI-stained masses per fl uorescence (DNA content) class ). We previously observed, during Ipomoea petal senescence, a large increase in the number of DNA-containing bodies, and a large decrease in the diameter of these bodies. Because it was not certain whether these small DNA-containing bodies were bona fi de nuclei, we called them DNA masses. Each of the small DNA masses was enveloped in a membrane, indicating that they were the result of nuclear fragmentation . We also observed that the smalldiameter DNA masses contained considerably less DNA than the original condensed nuclei. This decrease was related to the smaller size of the masses, not to a lower DNA level per unit volume ). In the present experiments, 3-MA caused a delay in the decrease in the DNA content of the DNA masses. This was apparently mainly due to inhibition, by 3-MA, of nuclear fragmentation. If so, the data indicate that nuclear fragmentation and DNA degradation are not necessarily positively correlated.
To sum up: the expression profi les of the genes investigated might suggest a function during petal senescence/ PCD. The biochemistry and physiology of the autophagyassociated genes indicates transcriptional control in the increase of macro-autophagy during senescence/PCD. The data on 3-MA might suggest the hypothesis that macroautophagy (part of remobilization processes) during petal senescence in Ipomoea delays cell death rather than induces it. VPEs are vacuolar proteases that promote the activity of executioner proteases, regulating (possibly amongst other roles) various autophagic degradation processes in the vacuole. The up-regulated VPE3 in Ipomoea might have a similar function. MDAR seems involved in maintaining an adequate pool of reduced ascorbate, thus in protection against ROS. The decrease of MDAR expression during petal senescence may have a causal role in cellular death. Finally, since BI-1 seems to protect against cell death, the increase in the expression of the gene encoding BI-1 might be instrumental in delaying death until the remobilization processes have been completed.
Materials and Methods
Plant material
Seedlings of I. nil (L.) Roth cv. Violet (seeds from Marutane Co., Kyoto, Japan) were grown in a controlled chamber at 24 ± 1°C, about 70% relative humidity and 13 h per day cool white fl uorescent light (100 µ mol m -2 s -1 ). The light period was from 6:00 to 19:00 h. The fl owers were almost fully open when the lights were turned on.
Treatment with chemicals
Flowers were excised at 20:00 h on the day before fl ower opening ( t = -10 h) and placed in sterile distilled water as a control or aqueous solutions of 5, 25 or 50 mM 3-MA. Cut fl owers were kept in the same condition for use for measurements. At 6:00 h ( t = 0 h), the fl owers were placed into closed 70 liter clear plastic chambers containing fresh air (control) or 1 µ l l -1 ethylene.
In silico screening of PCD-related genes
We performed in silico screening of Ipomoea genes that showed high homology to PCD-related genes in animals and yeast, and a gene encoding a VPE in tobacco ( Table 3 ) . Using interesting and known proteins in other organisms as query, the Arabidopsis nucleotide database was fi rst searched (TBLASTN). The accession numbers of the proteins used as query and the proteins found in the Arabidopsis database are shown in Table 1A . Next, using the identifi ed Arabidopsis homologs as query, the EST database of Ipomoea was searched (BLASTN). The accessions of the homologs found in Ipomoea are shown in Table 1A . The degree of homology at the protein level, between the identifi ed Ipomoea genes, and the genes in Arabidopsis and the other organisms are also shown in Table 1A .
Real-time RT-PCR
Total RNA samples and template cDNA were prepared as in our previous report ). Real-time reverse transcription-PCR (RT-PCR) was also performed according to this report. Briefl y, primers were made based on the sequence of Ipomoea ESTs showing high homology with each PCD-related gene homolog of Arabidopsis , using Primer3 (the accessions of Ipomoea ESTs are shown in Table 1A and the primer sequences are shown in Table 4 ). The primer pair for the constitutively expressed control gene, Actin 4 (AB054978; Yamaguchi et al. 2001 ) , was chosen to span an intron. PCRs were performed with the LightCycler Quick System model 350S (Roche Diagnostics, Basel, Switzerland), using a QuantiTect SYBR Green PCR kit (Qiagen, Hilden, Germany). Each reaction was performed on a 2 µ l aliquot of a 100 µ l cDNA solution derived from 5 µ g of total RNA. Thermal cycling conditions were 95°C for 15 min followed by 55 cycles of 15 s at 94°C for denaturation, 20 s at 60°C for annealing, and 15 s at 72°C for extension. To standardize the data, the ratio between the absolute transcript levels of the target gene and Actin 4 within the same sample was calculated for each sample. Averaged values of the absolute transcript level and the ratios were obtained from three separate experiments.
Color change and petal inward rolling
The color of the abaxial surface of the merged petals, between the midribs, about halfway from the distal edge and the petal base, was measured with a CR-400 colorimeter (Konica Minolta Co., Ltd., Tokyo, Japan). Colorimetric values were determined using the CIE L * a * b * system, and hue angles (h°) were calculated from the a * and b * values according to McGuire (1992) . The average was obtained from values in three parts of each corolla. For inrolling, the abaxial surface of the petals was photographed horizontally. The diameter aligned with the midrib of the merged petals was measured by SimpleDigitizer version 3.01 software for image analysis (free software, http://www.vector.co.jp/ ). The mean was calculated from the diameters of fi ve positions on each corolla. The inward rolling index was calculated as the percentage decrease from the maximum diameter.
DNA degradation observed by agarose gel analysis and fl ow cytometry
Total DNA was extracted from petals using the modifi ed cetyltrimethylammonium bromide (CTAB) method ( Yamada et al. 2003 ) . The DNA solution was immediately electrophoresed in a gel containing 3% agarose and stained with ethidium bromide. The gel pattern was photographed, using an electronic UV transilluminator system (model FAS-III mini + DS-30; Toyobo, Tokyo, Japan).
DNA degradation was also estimated by fl ow cytometry . Briefl y, the petals were chopped in nuclear extraction buffer, which was included in the High Resolution Kit for Plant DNA (Partec, Münster, Germany), a reagent set provided by the manufacturer of the fl ow cytometer. The extract was fi ltered through 50 µ m nylon mesh. The medium with the isolated nuclei was collected, and the buffer with the fl uorescent DNA stain DAPI from a standard reagent set (Partec) was added. The DNA content of the isolated nuclei was analyzed using a fl ow cytometer (Ploidy Analyzer, Partec). The percentage of nuclei with a decreased DNA level was calculated by Win MDI version 2.8 software for fl ow cytometric analysis. This method determines the combination of nuclear fragmentation, resulting in 'nuclei', i.e. DNA masses with lower amounts of DNA compared with nuclei at t = 0 h, and the decrease in DNA during ongoing DNA degradation in each of the DNA masses.
